One might have thought that after 3 billion years the energy transduction mechanisms of bioenergetic membranes would have evolved to a state of high efficiency.
However, recent research suggests that energy transduction across bioenergetic membranes suffers from two major inefficiencies. 1) These membranes have a passive leak for protons (and other ions) such that a significant proportion of protons pumped by the redox or light-driven proton pumps leak back across the membrane without being coupled to ATP synthesis or any other energy conserving reaction (a phenomenon known as proton leak or just leak).
2) The proton pumps may fail to pump protons at all, or pump protons at a reduced proton stoichiometry (a phenomenon known as redox slip or just slip (see Fig. 1 ). Here I review how these leaks and slips were found, their possible mechanisms and their possible functional and evolutionary significance (for related reviews, see refs 1-4).
H transport across membranes cannot generally be distinguished from OH-or H3O transport, and all three will be referred to as proton transport here.
SLIPS AND LEAKS IN MI'IOCHONDRIA
The first measurements of proton leak were made by Mitchell and Moyle (5) by adding a small pulse of oxygen to anaerobic mitochondria or bacteria, which then pumped out a pulse of protons detected by a pH electrode. When the oxygen was used up, the protons leaked back across the membrane.
The rate of this proton leak was low. Fig. 2A ) with the dependence of p on respiration rate (as in Fig. 2B ) and found that the leak rate alone could not account for the respiration rate, The FASEB Journal BROWN Figure 1 . Scheme of chemiosmotic coupling across a bioenergetic membrane.
The thick arrows represent the fully coupled proton circuit with electron transport coupled to proton pumping and proton return coupled to ATP synthesis. Redox slippage is electron transport without proton transport. Proton slippage is proton transport down the proton gradient through the proton pump without electron transport or ATP synthesis. Proton leak is proton return via no specific protein. If the H/e ratio was 1 in mitochondria (rather than the actual value of about 5 H/e), the Ap would have to approach 1000 mV for the system to approach equilibrium (with the redox potential drop for the electrons, equal to about 1000 mV between NADH and oxygen) and thus conserve the free energy available.
Because of proton leak, other ion leaks, slip, and dielectric breakdown, a Ap much greater than 200 mV is unfeasible, and thus the necessity for evolving complex respiratory chains with high H/e ratios, and also complex ATP synthases with high H/ATP ratios.
